The β-scission mechanisms of catalytically chemisorbed carbenium ions are further investigated using density functional theory computations and explicit-contact modelling, but with slightly larger catalyst fragment models than in our previous work. Some variations are seen, including the existence of formal one-step and three-step (rather than two-step) mechanisms. The activation barriers are most affected by the basicity of the catalyst model than by any other characteristics: the stronger the base, the greater the barrier. A general mechanism for β scission is presented, as are the specific mechanisms for all the step variations observed from computations to date.
Introduction
Catalyzed β scission of the secondary carbenium ion s-C 5 H 11 + on small aluminum-containing anions (AlH 2 (OH) 2 - and AlHCl 3 -) has been computationally studied by us recently (1) . That study filled the holes left by earlier studies of aluminum oxide catalysis of β scission (2-4) and demonstrates qualitative differences in the mechanism due to the different strengths of basicity of the two anions. We have also published β-scission steps found for the larger s-C 6 H 13 + ion on AlHCl 3 - (5) . Real catalytic systems involve condensed phases and are much more difficult to model. Two examples of current interest are solid aluminosilicate zeolites and chloroaluminate ionic liquids. To date, calculations using periodic boundary conditions (6) have been forced to use approximate transitionstate-finding algorithms (7) and await improvements. Continuum dielectric models have been problematic for protontransfer phenomena and may be more so for ionic liquids, although new improvements look promising (8) (9) (10) .
In this current study, we obtained more B3LYP computational results of minimum-energy pathways for β scission of secondary carbenium ions, initially chemisorbed to various anions. Five systems were studied, C 5 4 -+ AlHCl 3 -, and C 6 H 13 + with a three-fragment catalyst model AlCl 4 -+ AlHCl 3 -+ Na + . These systems are still poor mimics of real zeolite or ionic liquid systems. However, that is not the point. First, these systems allow us to explore how transition states and mechanisms may change as the models get larger without having to compromise on the accuracy in energy and transition-state calculations. Second, and most importantly, with these 22 new transition states added to the 12 found in our first paper and the 10 relevant ones from ref. 5 , we feel we have enough examples to be able to present a truly proper discussion of the β scission of a secondary carbenium ion.
Methods, models, and terminology
Calculations were performed to locate transition states (and the intermediates that they connect) for the β scission of chemisorbed 2-pentenium and 2-hexenium ions, catalyzed by various catalyst models in explicit contact. All computational methods and procedures are the same as before (1), based on the density functional theory model B3LYP (11, 12) with the 6-31G(d,p) basis set (13) and using the PQS 3.0 (14) and Gaussian 98-03 (13) codes. The energies reported have no ZPVE corrections attached, both for consistency with ref. 1 and to maintain focus on the underlying potential energy surface (PES).
For a more zeolite-like aluminosilicate fragment, the 18-atom cluster Al(OH)(OSiH 3 ) 3 -containing four tetrahedral atoms (denoted T4 model, T=Si, Al), was employed.
Compared with the T1 model AlH 2 (OH) 2 -used in our previous study (1) , the T4 model can better represent the surface of a zeolite, having three surface oxygen atoms and each of these bonded to a silicon atom to make the electron density near the Al and the basicity of the oxygen atoms more realistic. This T4 model has been used in other quantum chemical studies as a zeolite mimic. For example, Svelle et al. used T4 to investigate methylation of methylbenzenes and alkenes by halomethanes and methanol over acidic zeolites (15, 16) and the dimerization of linear alkenes over acidic zeolites (4) . Arstad et al. (17, 18) studied the methylation, ethylation, and iso-propylation of methylbenzenes on T4 zeolites. Moreover, Rozanska et al. (19, 20) showed that the relative order of the activation energies of isomerization and transalkylation reactions of toluene and xylenes is conserved when comparing results obtained from T4 with results from larger models using periodic boundary conditions and plane wave basis sets.
For a chloroaluminate ionic liquid fragment, Al 2 Cl 7 -was chosen as a first extension over the previously used AlHCl 3 -. This choice was motivated by the work in the Johnson group (21) . Using B3LYP/6-31G(d,p), Hunter thoroughly examined ionic liquid ion cluster systems involving AlCl 3 , pyridine (Pyr), and HCl in various ratios and the resulting energies suggested that PyrH + , Al 2 Cl 7 -, and AlCl 4 -were the predominant species in these mixtures, with extra HCl units complexed to the anions (22) .
Further extension of an ionic liquid model was explored using two-and three-fragment catalysis models. The twofragment model employed both AlHCl 3 -and AlCl 4 -placed on either side of the hydrocarbon and was first tried in an exploration of intermediates (ref. 5 , Fig. 9 ). Since this model produces an overall -1 charge for the system, a threefragment overall-neutral model was also tested, simply by adding a Na + spectator ion to the model. These models were designed to explore the possibility of a lowering of the β-scission barrier by providing a more flexible product chemisorption site option.
As before, we refer to the conversion from chemisorbed to physisorbed structures as ascension and the opposite as descension. We will use single and double slashes to denote chemisorbed and physisorbed complexes, respectively, (eg. C 6 H 13 + /AlHCl 3 -vs. C 6 H 13 + //AlHCl 3 -). Our atom-numbering convention will be to count the carbon atoms as C 1 , C 2 , C 3 , C 4 , and C 5 , or for hexane cracking to C 6 , such that the C 2 atom is initially bound to the O 1 or Cl 1 atom of the catalyst in the chemisorbed state. A common abbreviation we use is PCP + for protonated dialkylcyclopropane, the prevalent form of a physisorbed or gas-phase secondary carbenium ion.
Results
The Fig. 1 shows an extra descension step for the C 2 H 4 product, so that we can consider this physi-to-physi β-scission route as a step in a complete chemi-to-chemi mechanism (see Discussion).
Two transition states were found for the two-step scission of C 6 H 13 + on AlCl 4 -. They are no different qualitatively than the two steps found earlier on AlHCl 3
-(1). Five transition states were found for the reactions C 5 H 11 + → C 2 H 5 + + C 3 H 6 (two) and C 6 H 13 + → C 3 H 7 + + C 3 H 6 (three) on the Al 2 Cl 7 -fragment. Four are qualitatively the same as the two-step "2Cl" (involving two Cl atoms) pathways observed previously for both these carbenium ions on AlHCl 3 -(1, 5). Images for the qualitatively new step appear in the bottom row of Fig. 1 . In this step, a physi-to-chemi β-scission step, the physisorbed ion-pair C 6 H 13 + //Al 2 Cl 7 -intermediate undergoes scission, isomerization (p-C 3 H 7 + to s-C 3 H 7 + ), and descension (to a chemisorbed s-C 3 H 7 + fragment). These three processes are concerted (all in the one step) but not fully synchronous, as the descension occurs in the later part of the step. A similar-looking transition state exists in the AlHCl 3 -fragment pathway (5), but there the forward direction resulted in a proton transfer to the catalyst (generating HCl·AlHCl 2 ) rather than to a neighbouring C atom. This discrepancy in product may be due to catalyst basicity or the orientations chosen. In any event, the higher barrier associated with this step (see Discussion) suggests that this isomerization step during β scission will be rare. Figure 2 shows 3D images of the stationary-point geometries obtained for the β scission C 6 H 13 + → C 3 H 7 + + C 3 H 6 catalyzed by separated AlHCl 3 -+ AlCl 4 -fragments. This model system has an overall charge of -1.
Two-fragment catalyst model AlHCl 3 -+ AlCl 4 -
The top two rows of Fig. 2 show the two-step path, as seen with single-fragment catalysis. Here, AlHCl 3 -was chosen as the chemisorbing fragment with AlCl 4 -acting as a spectator fragment physisorbed near the reaction center.
In the third row, concerted one-step chemi-to-chemi β scission is observed, analogous to a one-step mechanism seen before (ref. 1, Fig. 9 ). Here in Fig. 2, AlCl 4 is the chemisorbing fragment with AlHCl 3 -as the physisorbed spectator ion. The ascension of chemisorbed C2 from Cl1 occurs in concert with the S N 2-like migration of the C4 atom from C3 to Cl2. Subtleties in orientation of the initial structure likely control whether the β scission will be one-step or two-step, since the simpler AlHCl 3 -single-fragment model also exhibited both possibilities (1) .
In the last row of Fig. 2 , we see another concerted onestep chemi-to-chemi β scission, but here the hydrocarbon migrates from one catalyst fragment (AlCl 4 -) to the other (AlHCl 3 -). This was the qualitatively new step we hoped to find with the two-fragment catalyst model. Figure 3 shows 3D images of the stationary-point geometries obtained for β scission (C 6 H 13 + → C 3 H 7 + + C 3 H 6 ) in the presence of Na + as well as AlHCl 3 -and AlCl 4 -ions. The Na + was added to have a neutral charge model system for comparison to the negatively charged model of the previous section. Several choices for the location of the Na + ion were tested before settling on one particular choice.
The first two rows show the usual two-step mechanism seen in all chloroaluminate models, here having AlCl 4 -as the chemisorbing fragment and Na + ·AlHCl 3 -as a spectator complex. The only noteworthy item concerns the first minimum, which shows a peculiar rotation of the tight Na + ·AlHCl 3 -complex that places the Na + near the hydrocarbon.
In the following two rows of Fig. 3 , two different one-step chemi-to-chemi β scissions are presented. Unlike the ones in Fig. 2 , however, both these examples involve a migration from one anion to another, the first from AlCl 4 -to AlHCl 3 -and vice versa for the second. To complicate matters, the addition of Na + to the model has created more variety of possible structures, including a saltlike catalyst surface (Fig 3., bottom row) . This suggests that the use of three ions in explicit-contact modelling is still a poor model for mimicking liquid-phase transition states.
Discussion
␤ scission -The general mechanism and its finer details Our convention considers the reactant and products to be chemisorbed because chemisorbed states are the lowerenergy "storage states" of carbenium ions in the presence of oxide and chloride sites. This convention also allows a direct relationship between the reaction activation energy and the strength of the conjugate base of the original Bronsted catalyst (see later).
Given this convention, the general β-scission mechanism is shown in Fig. 4 and consists of three mechanistic components, ascension of the hydrocarbon (A), C-C bond scission (B), and descension of the resulting primary carbenium ion product (C). In paper I (1), we found the mechanism to be two-step, with ascension to a higher-energy intermediate occurring as a separate step, followed by a concerted scission and descension step. From the work in this paper, we discover that the mechanism could also be one-step or even three-step, depending on catalyst and conformer orientation. Hence, we use the labels "ABC", "A,BC", and "A,B,C" to denote one-step, two-step, and three-step mechanisms. In addition, Paper I showed that there is some variation in the nature of the physisorbed intermediates. We will denote these here with subscripts, 1 for carbenium ions (PCP + ), 2 for alkenes, and 3 for cyclopropanes. Hence, A 1 will denote Fig. 4 . The general β-scission mechanism from chemisorbed reactant to chemisorbed product. The three components of the mechanism we call ascension (A), scission (B), and descension (C). The mechanism could be one-step, two-step, or three-step, depending on the degree of concertedness of these components.
ascension to a physisorbed PCP + ion and B 1 C will denote concerted scission and descension of this PCP + ion. Fig. 5 shows the mechanism for each variation of the steps observed so far.
The B3LYP/6-31G(d,p) relative energies for present and previously published β-scission results are presented in Tables 1 (AlO-containing catalysts) and 2 (AlCl-containing catalysts). Several things are worth commenting on here. First, there is almost no difference in energetics between C 5 H 11 + and C 6 H 13 + β scission and there should be no qualitative differences in mechanism either; the A 2 ascensions found with C 6 H 13 + /AlHCl 3 -also likely exist with C 5 H 11 + /AlHCl 3 -. Second, note the higher energy barriers for both A and BC steps on AlO-containing catalysts vs. AlClcontaining ones. Third, note the qualitative change in intermediates with AlCl-based catalysts; the intermediates can be carbenium ions (note the subscript 1's), unlike the ones with small AlO-based catalysts in which the intermediates are exclusively neutral (subscript 2's and 3's). This was emphasized in paper I and still holds true with the slightly larger catalyst fragments studied here. Fourth, note that the physisorbed carbenium ions of the AlCl-based systems are precariously stable, with barriers of less than 1 kcal mol -1 (1 cal = 4.184 J) to returning to the original chemisorbed state.
Single-fragment catalysis
There is a direct relationship between the overall activation barrier for the complete chemi-to-chemi β scission and the strength of the Lewis base sites on the catalyst. A simple indicator of the Lewis base strength of these sites is their proton affinity (PA): the higher the PA, the more basic the nucleophilic site must be. In our tables, we call this calculated PA the conjugate-base proton affinity (CBPA) to remind the reader that the original catalyst for C-C bond cracking is assumed to be a Bronsted acid that has been de- activated to its conjugate-base anion form before the β-scission reaction occurs. This consideration is not a moot one because these conjugate-base "catalyst fragments" actually inhibit, rather than accelerate, the β-scission reaction: the more basic the fragment, the more energy is required to rise from the chemisorbed state to the rate-determining transition state (which, in all cases, is an ion-pair complex). This apparent anomaly arises only when considering the β-scission reaction alone, for when the complete cracking of a neutral hydrocarbon is considered, these bigger barriers seen with stronger conjugate bases are actually bigger barriers in overall reactions with weaker acids. Table 3 summarizes the overall ∆E and E a values for complete chemi-to-chemi β scission on single-fragment catalysts, together with the CPBA values of the catalysts. The reaction energy is 20-22 kcal mol -1 , independent of catalyst. However, the activation barriers vary systematically with basicity of the catalyst, roughly following the linear relation E a = CBPA/2 -100. Curiously, an equally simple relation between the base strength and the E a for simple ascension could not be found.
Aluminum chloride catalysis -Multiple-fragment models
For the two-fragment AlHCl 3 -+ AlCl 4 -model (Table 2 , 6th section), the first two rows describe the now familiar two-step β scission involving a single fragment (AlHCl 3 -in this case with AlCl 4 -as a spectator ion). The energies are closer to those of Al 2 Cl 7 -catalysis than AlHCl 3 -catalysis. One-step chemi-to-chemi β scission was also found, analogous to the one-step scission on AlHCl 3 -with no spectator anion, but with the two-fragment model the energies are closer to that of the two-step Al 2 Cl 7 -catalysis. Both of these two-fragment mechanisms give an overall ∆E of 20.5 kcal mol -1 , changing little from single-fragment models. The fourth row is the migratory two-fragment step we desired with ascension from AlCl 4 -and descension of the product C 3 H 7 + onto AlHCl 3 -. The E a dropped only from 30 to 29 kcal mol -1 , indicating little benefit to a two-fragment process. The noticeable decrease in ∆E, from 20.5 to 16.3 kcal mol -1 , is merely due to the change of the chemisorption host from a weaker base (AlCl 4 -) to a stronger one (AlHCl 3 -). A further step in mimicking an ionic liquid might be to add a cation, making the entire model neutrally charged as it is in our single-fragment modelling. With Na + added to the AlHCl 3 -side of the hydrocarbon, we again found the twostep mechanism (involving chemisorbed structures solely with AlCl 4 -). Interestingly, the energies for this ( Table 2 , 7th section) look more similar to those of AlCl 4 -catalysis than those from two-fragment modelling with Na + absent. We tried to find two-fragment paths, but these revealed dramatic effects of the Na + ion. Saltlike structures of the inorganic ions were seen to offer 8-13 kcal mol -1 energy stabilization for the intermediates M1 and M2, for both one-step chemito-chemi paths. Such structures are more like solids than liquids and reveal the difficulties in trying to mimic ionic liquids in this way.
Conclusions
β scission, considered here to start and finish with carbenium ions chemisorbed to a catalyst, involves three fundamental components, which are ascension, bond scission, and descension. The lowest-energy pathways on AlO-and AlClcontaining catalyst fragments, as computed with B3LYP/6-31G(d,p), are generally two-step mechanisms, with ascension to a physisorbed intermediates preceding the concerted scission-plus-descension second step. A nearly linear relationship exists between the overall barrier height and the proton affinity of the anion catalyst fragment (the conjugatebase of the hypothetical original Bronsted-acid catalyst).
The extension of an AlO-containing catalyst model from AlH 2 (OH) 2 -to Al(OH)(OSiH 3 ) 3 -reduces the catalyst basicity
Step label
Step but not enough to change qualitative aspects of the reaction. The physisorbed intermediates are neutral-pair complexes of either alkene or disubstituted cyclopropane with catalyst, with two-step or three-step mechanisms observed to date. The overall barrier for β scission from the chemisorbed state is lowered from 67 to 59 by using the larger and less basic anion model.
Chloroaluminate catalysis of the β-scission reaction is also hardly changed qualitatively with moderate extension of the models. The physisorbed intermediates that lead to C-C scission are ion-pair PCP + //Al x Cl y -complexes present with each catalyst model, which are always bound by less than 1 kcal mol -1 relative to descension to a chemisorbed state. Hence, the formally two-step A 1 ,B 1 C mechanisms might kinetically appear little different from the one-step chemi-tochemi β-scission paths, which have been found in both
Step Note: M1 = first minimum, TS = transition state, M2 = second minimum, and CBPA = conjugate-base proton affinity of the catalyst in kcal mol -1 , a measure of base strength (calcd. using B3LYP/6-31(d,p)). a Structural images of this step is presented in Fig. 1 . Note: For each catalyst, the lowest-energy pathway to lowest-energy products is considered. CBPA = conjugate-base proton affinity of the catalyst in kcal mol -1 , a measure of base strength (calcd. using B3LYP/6-31(d,p)). Table 3 . Overall reaction energies and activation energies for chemi-to-chemi β scission (∆E and E a , in kcal mol -1 ) on singlefragment AlO-and AlCl-containing catalyst anion fragments.
single-fragment and multiple-fragment modelling. Finally, a truly liquid state proved difficult to mimic with multiple ions, which tended to form saltlike (crystalline) complexes on one side of the hydrocarbon.
